Abstract-This paper introduces the first movable conductioncooled high-temperature superconducting magnetic energy storage (SMES) system developed in China. The SMES is rated at 380 V/35 kJ/7 kW, consisting of the high-temperature magnet confined in a Dewar, the cryogenic unit, the converter, the monitoring and control unit, the container, etc. The proposed SMES can be loaded onto a truck to move to a desired location and put into operation with easy connection. Laboratory and field tests have been carried out to investigate the operational characteristics and to demonstrate the SMES effectiveness on improvements of system voltage stability and on the oscillation damping. Test results indicate that the SMES system has the features of fast response and four-quadrant power operation. The accessories for the movability of the SMES system are well designed. The system is feasible to be used in power systems.
I. INTRODUCTION
A POWER system stabilizer based on energy storage system, as a potential solution to mitigate fluctuations of power generation and consumption and improve power system stability, draws much attention, particularly under the situation of increasing penetration of the intermittent renewable power generations. Superconducting magnetic energy storage (SMES), featured with high efficiency, high power density, and fast response, is a potential solution of dealing with power imbalance in a power system, enhancing stability [1] - [3] , and improving power quality [4] , [5] .
In 1982-1983, a 30-MJ SMES was installed in the Bonneville Power Administration Tacoma substation to mitigate the power fluctuations of the Pacific ac intertie [6] - [9] . The SMES also participates in voltage stability enhancement and frequency control. In 2000, the American Superconductor Corporation and General Electric have developed the distributed SMES to improve voltage stability and system reliability [10] . The aforementioned SMES systems adopt low-temperature superconductors (LTSs). The LTSs require a working environment at 4.3 K and hence need supplementary coolant such as liquid helium to be refilled continuously.
Compared to the LTS, the high-temperature superconductors (HTSs) can achieve superconducting with transition temperature as high as 138 K. SMES with HTS has the advantages of easier operation and more compact size. The efficiency of the cryogen increases exponentially with the temperature. Some projects have been conducted to use this type of SMES in power system applications [11] - [14] . The New Energy and Industrial Technology Development Organization, cooperating with the Tokyo Electric Power Company and Kyushu Electric Power Company, proposed the commercial HTS SMES systems for stability enhancement (15 kWh/100 MW) and load frequency control (500 kWh/100 MW) [15] , [16] . The beneficial role of SMES coil in HVdc lines as an energy buffer for renewable energy integration has been demonstrated in [17] , and a 600-MWh SMES-HVdc project is under planning [18] . With the development in cryogenic technology, an HTS magnet can be cooled by a cryocooler directly without the need of liquid helium and nitrogen [19] . Since continuous refill of liquid helium or nitrogen is not necessary, the SMES with conduction cooling method can be built as a movable device. Such a movable SMES is proposed in [20] for power quality improvement. However, few works about SMES with HTS magnets for improving transient stability have been reported. This paper develops a movable SMES module converted from the laboratorial prototype proposed in [21] . All subsystems of the SMES are integrated into a portable module for transportation. As the first step to develop a movable hightemperature conduction-cooled SMES for industry application, a series of laboratorial experiments as well as field experiments is carried out, including power regulation and active and reactive power compensation. Functions of the SMES, including energy storage and stability enhancement, are demonstrated. The SMES is also used as the prototype for allocation and control strategy study.
The remainder of this paper is organized as follows. Section II introduces the structure and components of the SMES. Then, in Section III, laboratory experimental results are presented to verify the functionality of each part of the SMES. The field test results are introduced in Section IV. Finally, conclusions are drawn in Section V.
II. DEVELOPMENT OF THE SMES
The proposed SMES is rated at 380 V/35 kJ/7 kW, consisting of the HTS confined in the Dewar, the cryogenic unit, the converter, the monitoring and control unit (MCU), the container, and other accessories. The system structure is shown in Fig. 1 . The MCU is used to monitor the real-time operation conditions of both the SMES and the connected power system. Instructions are sent to the converter according to the controller embedded in the MCU. It also has the function of human-machine interface and waveform recording. The converter, as the electrical interface between the superconducting magnet and the power system, controls the dual-directional power flow between the ac and dc sides according to the instructions from the MCU. The solenoid-type HTS of the SMES is confined in the Dewar to be kept at low temperature by the cryogenic unit.
There are three control levels in the SMES system: one implemented in the MCU and the other two embedded in the converters, as shown in Fig. 1 The SMES is assembled in a special waterproof container with an air conditioner installed. The container is 6 m long, 2.4 m wide, and 2.6 m tall, as shown in Fig. 2 . For convenience of operation, the container has three doors and two windows. An air conditioner and a fan are installed on the walls of the container with the thermal insulating layer. Some of the channel steels are installed on the inside surface of the container to improve its strength. The doors and windows, the fan, and the air conditioner, as well as the external electrical and circulating water interfaces, are specially designed with waterproof and windproof features so that the SMES may be used outdoors. During a two-week field test, the SMES is kept working outdoors in hot summer and suffering thunderstorms, which demonstrates the well design of the container.
The MCU, converter, and cryogenic unit are in standard cabinets directly welded onto the top and the bottom of the container by channel steels. Because the magnet is a sophisticated device with pool capability of antishock and weight up to 1 ton, special care needs to be taken during transportation. Fig. 3 depicts the fixing of the Dewar to the container. Tensioned springs are used to fix the Dewar to the wall of the container and absorb horizontal impacts in transit. Vertically, suspension and base guarantee a smooth passage over the bumpiest road.
Inside the Dewar, between the upper flange of the vacuum vessel and its body, a connection flange is added, and the magnet is hanged from it by four hanger rods, as shown in Fig. 4 . The upper of the radiation shield is positioned by locating blocks to avoid its right-and-left displacement, and the underside is fixed by leg stays. Since the middle connection of the magnet is incompact and four screw arbors are too thin to resist shearing stress, four fixtures are added to connect the bottom flange of the magnet and the epoxy supporting plate; also, the stay bolts are lengthened and locked on the supporting plate by locknuts. In order to prevent the swing of the bracing rods of the magnet, their footpads are fixed doubly by alignment pins and set bolts.
The field test of the SMES has been carried out in the Laohukou hydropower plant in Hubei province. The plant is 500 km from the Huazhong University of Science and Technology where the SMES is manufactured. After traveling all the way, the SMES is still workable. The movability feature of SMES is demonstrated by transporting the system under various road conditions.
III. LABORATORY EXPERIMENTS OF THE SMES
In order to demonstrate the effectiveness of the cryogenic unit, the converter, and the MCU, three aspects of laboratory experiments are carried out, respectively, including heat characteristic analysis of the conduction cooling system, power regulation characters, and power oscillation damping.
A. Cooling Process of the Superconducting Magnet
The magnet of the developed SMES consists of 32 Bi-2223/ Ag tapes and is designed as solenoid type according to the capacity of the magnet, the requirements of power regulation, and the conduction-cool cryogenic unit [22] . The tape can operate with 3 T at 20 K. Therefore, the magnet can operate with fast current ramps, which is important for dynamic power compensation [23] . The specifications are given in the Appendix. The current leads are divided into two sections: one working in superconductive state which is made of Bi-2223 sticks while the other works in the room temperature which is made of copper for interface with the outer environment.
The HTS is confined in a vacuum Dewar for heat insulation. The conduction cooling method is adopted. The internal pressure of the Dewar is 1.0 × 10 −1 Pa. A radiation shield is installed inside. The cooling system consists of a singlestage Gifford-McMahon (GM) cryocooler and a two-stage GM cryocooler. The operating temperature of the high-temperature magnet and the current leads reaches the heat-equilibrium state, under a temperature varying from 16 K to 20 K.
The variation of the magnet resistance and average temperature during the process of cooling down is shown in Fig. 5 . It takes 17 h to cool the magnet to the superconducting state and 28 h to reach thermal equilibrium. Temperatures of the upper, middle, and lower parts of the magnet are 25.6 K, 20.5 K, and 23 K, respectively. These are the average temperatures from a variety of sensors which have different distances to the cooling head of the refrigerator. Hence, a different part of the magnet reaches the superconducting state at a different time. As the result, one cannot see the step change of the resistance to zero in the figure.
B. Power Regulation Tests
The converter is the electrical interface between the HTS at dc side and the ac power system. It is designed with a multimodule topology, which enables the scale of the SMES to be easily enlarged by connecting more magnets. Therefore, a number of small-scale SMES can be collectively controlled as a larger scale one [24] . The power electronic circuit is shown in Fig. 6 . Four 6-bridge CSCs are directly connected in parallel at the ac side. The dc sides of the converter modules are paralleled through current-sharing inductance which limits the circulating current caused by inconsistence of instantaneous voltage. Each inductor is 15 mH with a resistance of less than 30 mΩ. There is also a filter circuit at the ac side of each converter. The singlephase filter capacitance is 50 μF for one converter module. The current and voltage of the dc side are rated to 200 A and 250 V, respectively. The multimodule converter can be connected with a number of modules to gain the advantages of low-harmonic ac current and high total power capacity.
The MCU consists of three major parts: the human-machine interface, the measure and control unit, and the waveform recording unit. It is used to monitor the real-time operation condition of both the SMES and the connected power system and send instructions to the converter through the RS232 serial communication port according to the system requirements and control scheme.
The power regulation tests are carried out to demonstrate that SMES can regulate active and reactive power independently in four quadrants. Controlled by the open-loop controller in the MCU, the SMES follows the changing power regulation references. In Fig. 7(a) , the active power reference changes between +1 kW and −2 kW in every 100 ms, while the reactive power reference changes between ±3 kvar in every 160 ms. The results demonstrate that the SMES enables to decouple the active and reactive power. Fig. 7(b) and (c) shows the active power and three-phase current I s injection and the reactive power and voltage at the terminal U s of the SMES. From these figures, one can see that the proposed SMES has a response time less than half a cycle (50 Hz).
C. Power Oscillation Damping
The upper level controller, embedded in the MCU, consists of two control loops for active and reactive power, as shown in Fig. 8 . One adopts the active power deviation ΔP e as the input, while the other adopts the voltage deviation as the input. Dead bands are set to 0.1 kW and 10 V, respectively.
For simplicity of a plug and play device, the bias of active power ΔP e instead of the rotor speed derivation Δω is adopted as the feedback signal of the upper level controller. In the field test of the 30-kJ SMES system in the hydropower plant of Kyushu Electric Power Company, the Δω control mode [25] is used for system stabilization. The rotor speed derivation, however, is usually hard to measure in power systems. In this work, the SMES is connected to the terminal of the generator. Thus, the local signals such as the derivation of electrical power of the generator output are measured and used as the feedback signal for the upper level controller.
The dynamic experiment of the SMES for improving power system stability is carried out. A single-machine infinite-bus system with the SMES as shown in Fig. 9 is configured. The specifications are listed in the Appendix. In the first experiment, line 1 is tripped during a steady state. Fig. 10 illustrates the power oscillation with and without the SMES. Comparing the dotted and solid lines, one can see that the power oscillation is dampened and the system stability is improved by the SMES.
The response of the SMES to a three-phase short circuit is studied in the second case. The fault occurs at the middle of line 2, lasting for 300 ms, emulated by three-phase relay whose reclosure angle can be controlled accurately. Since line 1 has been out of service before the fault, this disturbance causes much more severe power oscillation. Fig. 11 depicts the process. Due to the very low voltage at the generator terminal where SMES is connected, the power chasing control scheme of the SMES, extracting or absorbing active power during a fault, can easily trigger the overcurrent protection of the CSC. The SMES resumes the system stability control when the generator's terminal voltage recovers to 90% of the nominal value according to MCU's measurement. Therefore, during 0.2-0.4 s, the dotted and solid lines coincide. After the time of 0.4 s, dynamic stability of the ac power system is enhanced by the SMES, as shown in Fig. 11(b) -(e).
IV. FIELD TEST OF SMES
The field test of the SMES has been carried out in the Laohukou hydropower plant in Hubei province. Fig. 12 shows the power system for the field experiment; the generator is connected to the nearest substation through a 1.7-km 10-kV transmission line. T 5 and T 6 , being the same type of transformers as the step-up transformer T 4 , are added to provide the suitable total inductance between the generator and the substation, which makes the system weaker so that the power oscillation can be observed more apparently. Disturbance is created by suddenly closing the circuit breaker to connect a 45-kW resistance load between T 5 and T 6 , as shown in Fig. 12 . Fig. 13 depicts the power swing caused by the load disturbance. At 0.1 s, the circuit breaker is closed. From Fig. 13(a) and (b), one can see that the resistance load mainly causes active power oscillation, while it has little impact on the generator's terminal voltage or reactive power output. In Fig. 13(c) , the generator terminal voltage stays at a relatively stable value in comparison with the current output. Thus, the SMES effectively dampens the power oscillation with active power injection, and the reactive power output remains zero. Since the SMES has a relatively small capacity, the 125-kW generator is adjusted to operate at a low power production of 9 kW. The SMES is set to output active power only. From  Fig. 14 , one can see that the power oscillation caused by 45-kW disturbance is suppressed by the SMES effectively.
Another test is conducted which is the same as the last one, but the generator output is adjusted to 33.5 kW. Fig. 15 shows the active power fluctuation of the generator. The SMES achieves the best damping effect in this test and stabilized the generator in four swings. The fluctuation continues for more than six cycles without SMES.
Another purpose of the field test is to verify the SMES ability of improving power quality. The Laohukou hydropower plant is located at the end of the power system with severe voltage fluctuations. In this test, the test circuit remains the same as that in Fig. 12 , but the generator stops running. Only the SMES is connected to the low side of T 4 directly. When the 45-kW load is suddenly connected, the bus voltage drops, as shown by the dotted lines in Fig. 16 . The SMES is activated after 500 ms to boost the bus voltage. Although the SMES has a limited capacity compared to the generator and system and the bus voltage is difficult to return to the steady-state value, it is apparent that the SMES improves the voltage and restored it closer to the steady-state value.
V. CONCLUSION
A movable high-temperature conduction-cooled SMES is built for applying SMES technology in power system applications. The movable SMES is flexible and easy for connection. The field test results show that the SMES has the feature of antishock design and workable under various conditions. It has   TABLE I  SPECIFICATIONS OF THE SUPERCONDUCTING COIL   TABLE II  GENERATOR DATA IN LABORATORY TEST   TABLE III  GENERATOR DATA IN FIELD TEST the functions of energy storage, decoupled regulation of active and reactive power, power oscillation damping, and power quality improvement. As a new application for power system stability enhancement, the proposed SMES can facilitate the location and control strategy studies in future work.
APPENDIX A
The specifications of the HTS are shown in Table I . The parameters of the generator for laboratory test are listed in Table II . The line reactances of the transmission line and the transformer at the generator side are x l1 = x l2 = 0.89 p.u. and x T = 0.13 p.u., respectively.
In the field test, the parameters of the generator with an exciter are listed in Table III . The 10-kV transmission line is 1.7 km long. The capacity of the resistance load is 45 kW.
